We have determined a 180 kb contiguous sequence in the replication origin region of the Bacillus subtilis chromosome. Open reading frames (ORF) in this region were unambiguously identified from the determined sequence, using criteria characteristic for the B. subtilis gene structure, i.e., starting with an ATG, GTG or TTG codon preceded by sequences complementary to the 3' end of the 16S rRNA. Four rRNA gene sets, 7 individual tRNA genes and 1 scRNA gene were identified, occupying 20 kb in total. In the remaining 160 kb region, 158 ORFs were identified, suggesting that 1 ORF is coded on average by 1 kb of DNA of the B. subtilis genome. Among the 158 ORFs, the functions of 48 ORFs were assigned and those of 11 ORFs are suggested through significant similarities to known proteins present in data banks. However, the functions of more than half of the ORFs (63%) remain to be determined.
Introduction
Since the discovery of conjugation in Escherichia coli and transformation in Bacillus subtilis in the 1950s, the genetic systems of these two bacteria have often been the targets of molecular genetic studies. As a result, about 1400 genes in E. coli 1 and 750 genes in B. subtilis 2 have been identified and mapped on each circular chromosome. Analysis of the structure and function of these genes revealed that the genes involved in metabolism of cellular constituents, energy production, and biosynthesis of proteins and nucleic acids are common between the two bacteria, although they are believed to have diverged genetically approximately 1.2 billion years ago. 3 On the other hand, the physiological properties of the two bacteria are drastically different. E. coli is a Gramnegative bacterium and a representative of continuously growing cells. In contrast, B. subtilis is a Gram-positive soil bacterium and is capable of either growing as vegetative cells when nutrients are available or resting as dormant spores when starved. Consequently, B. subtilis has developed genes for sporulation and germination as well as for many extracellular enzymes that digest macro-* To whom correspondence should be addressed. Tel. 81-(0)7437-2-5131, Fax. 81-(0)7437-2-5134, E-mail nogasawa@bs.aistnara.ac.jp This work was a part of the international cooperative project between European Community (EC) and Japan to sequence the entire B. subtilis genome.
molecules available in soil. Comparative studies on the molecular genetics of these two bacteria have provided important knowledge in understanding the universality and diversity of genetic systems in prokaryotes.
Since cloning and sequencing techniques became available, the number of genes that have been sequenced has increased exponentially, and this has led to the idea that the whole genome could be sequenced by the combined efforts of the many laboratories involved in the molecular genetics of E. coli or B. subtilis. The first systematic sequencing project of the B. subtilis chromosme was initiated in the European Community (EC), 4 and which has since expanded to become an international cooperative project between the EC and Japan.
In our laboratory, we have been studying the replication origin of the B. subtilis chromosome and determined a sequence of about 23 kb near the replication origin region. 5 ' 6 To our surprise, the origin region was conserved in five different bacteria: three Gram-positive and two Gram-negative bacteria. In addition, it was possible to propose a phylogenetic dendrogram of the evolution of the replication origin of bacterial chromosomes. 7 This finding led us to study more extensively the genomic structure near the replication origin region. In the last 2 years, we have expanded the sequence determination in both directions, 50 kb to the left and 107 kb to the right. Thus, we have determined a 180 kb contiguous sequence in the origin region of the B. subtilis chromosome. Purification of the PCR product using Centricon 100
Cycle sequencing reaction using dyc-primcr and Taq DNA polymerase Here we report the cloning and sequencing of the 180 kb region, and an initial analysis of the encoded genetic information.
Materials and Methods

Bacterial Strains, Phages and Plasmids
B. subtilis strain 168, originally isolated by C. Anagnostopoulos, was used as a standard strain for the sequencing. Itaya and Tanaka have constructed a map of Notl and SfH restriction sites of the entire circular genome and thus determined the total size of the genome to be 4.188 Mb. 8 We used a derivative of B. subtilis 168 in our stock, that was shown to give the same Notl and SfH digestion patterns as those of the standard strain, as a source of chromosomal DNA to construct lambda libraries and as a template for polymerase chain reaction (PCR) amplification for direct sequencing.
Lambda DASHII, EMBL3 and E. coli P2392 were used to prepare libraries of B. subtilis chromosomal DNA after SawIIIA partial digestion. Original recombinant phages, prepared using an in vitro packaging system from Stratagen (CA, USA), were used for screening without further amplification. M13 phage vectors and E. coli XLl-Blue were used to prepare randomly overlapping libraries for shotgun sequencing.
Sequence Determination
All sequences were determined using the Dye-Primer Cycle Sequencing Kit and the 373A sequencer from Applied Biosystems (CA, USA). We have determined the sequence of both DNA strands, except for regions whose sequences were already registered in data banks.
Randomly overlapping libraries for the shotgun sequencing were prepared according to the method of Maniatis et al. after DNase I treatment of target fragments. 9 Inserts of M13 phages were amplified by PCR from a suspension of phages in plaques using primers having identical sequences to -21M13 and M13RP1 sequencing primers from Applied Biosystems. Amplified products were used as templates for sequencing reactions after removal of primers and dNTPs using a Centricon-100 from Amicon (MA, USA) (Fig. 1A) . We determined the concentration of purified products by measuring UV absorbance, and used them for the sequencing reaction after dilution to 8 ng/kb///l. Preparation of templates by PCR is superior to the classical method of preparing single-stranded DNA in terms of both time saving and reproducibility. Sequence information from random inserts corresponding to 3-4 times the length of the starting fragment was enough to cover most of the fragment. The sequences of the remaining gap regions were filled using region-specific primers as described below.
We also used universal dye-primers for the primer walking method (Fig. IB) sequences of universal sequence primers to the 5'-end of region-specific primers for the walking. PCR products amplified from the chromosome or from inserts in lambda phages were purified and sequenced as described above. Primer DNAs were synthesized by a Model 474 synthesizer and a 40nm column from Applied Biosystems, and dried products were used without purification after dissolving in water.
Data Handling and Computer Analysis
DNA sequences from the ABI sequencer were compiled using the ATSQ program from Software Development Co., Ltd. (Tokyo, Japan). To avoid errors in the number of bases, we inspected every chart and used sequence outputs only from regions, usually up to about 400 bp, where base peaks were well separated. The compiled sequence was further analyzed for the locations of possible open reading frames (ORFs) using the Gene Works program from Intelli Genetics Inc. (CA, USA). The amino acid sequences of the identified ORFs were searched for similarity to sequences reported previously in the nonredundant protein sequence data bank using FASTA and BLAST network services of the Supercomputer Laboratory, Institute for Chemical Research, Kyoto University. The 180 kb sequence reported in this report was deposited at DDBJ with the accession number D26185.
Results and Discussion
Cloning of a Region from gnt to spoOH on the B.
subtilis Chromosome In the B. subtilis genome sequencing project, our group is responsible for the region from the gnt operon to the spoOH gene, including the replication origin (oriC) region of the chromosome. We have reported previously the cloning of approximately 33 kb around oriC 3 ' 10 and approximately 18 kb around rrnA. 10 In addition, our region contained several genes already sequenced 2 and two linking clones containing Notl sites. 8 The distance between any of these land marker probes was estimated to be less than 50 kb ( Fig. 2A) . Therefore, it was expected that the whole region can be easily cloned by the chromosome walking technique, using a proper lambda phage library of the B. subtilis genome. It turned out, however, that many regions were difficult to clone into the lambda phage vector (Fig. 2B) . No clones extending into our assigned region were obtained using gnt and spoOH sequences as probes. We could clone separate regions using the type II membrane binding sequence, E4 fragment of the ch-rrnA phage, and tms gene sequence as probes, respectively. However, extensive chromosomal walking was unsuccessful in any of these regions.
Relatively small gap regions (less than 4 kb) missing in the lambda phage library were filled in two steps. We Sequence of the 180 kb Region of the B. Subtilis Chromosome [Vol. 1, first prepared a library of short genomic fragments (less than 3 kb) in M13 phage, and screened it to fill some of the gaps. The remaining gaps were then amplified by PCR directly from the chromosome, followed by direct sequencing of the amplified products. As for the large unclonable regions at both ends of our assigned region, we first tried successive rounds of inverse PCR followed by direct sequencing, and regions of about 10 kb were amplified by inverse PCR walking. Then, using the amplified DNA as probes, overlapping clones were isolated from the lambda phage library in the left end region. As for the right end region, a tandem rRNA operon (rrnJW) was identified in the middle of the gap region from the sequence of the inverse PCR products.
Systematic DNA Sequencing of the Assigned Re-
gion We used two methods, the shotgun method and the primer walking method, for systematic DNA sequencing (Fig. 2C ). The sequence of fragments 6-12 kb in size having the restriction enzyme sites necessary to purify them from lambda phage DNA were determined by the shotgun method using randomly overlapping Ml3 libraries of DNase I-treated products. The three sequential steps involved in the shotgun sequencing, i.e., preparation of a random library, sequencing of randomly selected inserts, and the filling of the gaps by region-specific primers, each required roughly 2 weeks when performed by one person. Thus, one person could determine the sequence of fragments about 10 kb in size starting from lambda clones in 6 weeks. The primer walking method was used to determine the sequence of regions where no appropriate restriction enzymes were available for purification and where cloning in E. coli was difficult. We have determined the sequence of both strands of DNA in our assigned region, except for regions whose sequences were already registered in data banks (Table 1 ) and were identical to our sequence data. However, when discrepancies were found, we determined both strands to confirm our result. A total of 5 nucleotides remains undetermined in 4 rRNA genes, although we carefully inspected the regions in both directions.
We have reported previously a 23,967 bp sequence around oriC 5 ' 6 and a 3,741 bp sequence containing recR 13 ( Fig. 2C ). We have newly determined a 152,428 bp sequence in this report, in which a 30,386 bp sequence was previously registered in data banks (Table 1 ). In addition, a 3,335 bp sequence of the spoOH gene and the genes downstream from it is available in data banks and the sequence was confirmed to be contiguous with our sequence. Thus, a contignuous stretch of 183,318 bp has been determined, and it is currently the longest known stretch of the B. subtilis genome. The accuracy of sequences is critical in genome sequencing projects in which subsequent confirmation by genetic or biochemical analysis is not always carried out.
To avoid errors in the number of bases, we inspected every chart of raw data from the sequencer and used sequence outputs only from regions where base peaks were well separated. We found quite a few discrepancies between our sequences and those in data banks. We have reexamined our sequences and have not found any ambiguity suggesting errors in our sequence. Errors due to mutation during PCR amplification may cause errors in the sequence data. To avoid such errors, we did not use "cloned" PCR product as templates for sequence determination. One exception to this was the regions upstream and downstream from rrnJW which were determined using random DNA libraries of PCR products. In the latter cases, we observed one discrepancy among multiple raw outputs of the same region, probably due to a PCR error.
Assignment of Coding Regions in the 180 kb Sequence
We have confirmed the presence of 4 rRNA gene sets with associated tRNA genes (rrnO, rrnA and rrnJW) and scRNA gene in this region. 2 An operon encoding 4 tRNA genes reported previously (trnY) 14 was found to be located at the left end. In addition, three individual tRNA genes were newly identified. Thus a total of 20,191 bp was found to code for structural RNA genes (Fig. 3) .
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a, characterized previously, as listed in Table 1 ; b, newly identified in this work, as listed in Table 3 ; c, according to Ricca et al. 15 ; d, according to Igo et al. 16 The remaining 12,276 bp (13%) seems to be noncoding. The largest non-coding stretch, 1,764 bp (from -12,364 to -10,061), was without apparent structural feature. The second largest non-coding region was 627 bp in length between rpmH and dnaA, and contained multiple repeats of DnaA-box and two divergent promoters for adjacent genes. This region functions as a part of oriCoi the chromosome. 21 In 15 non-coding regions into which transcriptions are expected to extend from both ends, the putative transcription termination signal, long inverted repeats with a T stretch at the bottom, was identified in all regions except for one (data not shown). We have not yet performed the systematic analysis of non-coding sequences.
Locations and directions of ORFs and structural RNA genes are illustrated in Fig. 3 tional assignments as discussed in the following section. It is interesting that the orientation of transcription is the same as that of replication fork movement for the majority of genes in this region. However, in the region which is roughly 28 kb starting from cotF and ending near exoA, this correlation is reversed and the direction of transcription changes frequently (Fig. 3) . Base composition of this region clearly shows a high AT content (60%) compared with the average (55%) (data not shown), suggesting that frequent gene rearrangement including horizontal transfer of foreign species has occurred during evolution. (Table 1) . Comparison of the protein sequences of putative ORFs against the non-redundant protein sequence data bank using the FASTA and BLAST programs, revealed the function of an additional 15 ORFs based on the high degree of similarity to known protein sequences of other bacteria (Table 3) .
3.4-Functional Assignment of ORFs in the 180 kb Sequence
Among them, five genes, dnaC, rpll, rpsF, ksgA, and lysS, have been 20 The number of unidentified ORFs reflects our limited knowledge on structure and function of even bacterial genomes. We are planning a systematic genetic and biochemical analysis of unidentified ORFs. However it is not an easy task to determine functions of some 100 genes experimentally using cloned ORFs. Therefore it is essential to develop analytical means to deduce functions directly from sequence data in parallel with the experimental approach. Such information as functional domain and active centers, etc., will accelerate the speed of elucidation of function of unknown ORFs by genetic and biochemical methods.
Comparison with E. coli Genome
Among the 158 ORFs discussed in this report, counterparts on the E. coli genome have been identified for 43 ORFs (27%), as listed in Table 5 . This number will increase as genome sequences become known for both bacteria. We have found that genes and their organization were conserved in B. subtilis and E. coli around oriC. 7 Operonic structure of dnaH -recR was also the same in both bacteria. 13 Among the newly identified genes, an operonic structure containing rpsF and rpsR was found to be similar in the two bacteria. In E. coli, rpsF, orfl04 : rpsR and rpll constitute an operon in this order, while ssb was found in place of orfl04, and rpll was located some 35 kb apart in B. subtilis. However, the locations of these conserved regions relative to oriC are completely different. Other counterparts in E. coli also appear to be distributed randomly throughout the whole E. coli genome (Table 5 ). a Genes with * were identified based on the sequence similarities. b Map position in min. according to Medigue et al. 23 Positions of genes with * are approximate, nd, not determined. c Burland et al. 11 reported that this ORF is broken into the two ORFs due to one base addition.
